Electrophoretic translocation through solid-state nanopores is a promising technique for identification of specific proteins and protein complexes. In a typical protein detection experiment, an external electric field (e-field) is applied across the nanopore and the ionic current is measured while the molecule passes through the pore. It is very important that the protein retains its structure and functionality under applied e-field and experimental conditions. However, the elongation and deformation of the 3D structure may bias the detection scheme. This work presents a theoretical assessment of protein deformation in a nanopore experiment due to applied e-field. We used nanoscale molecular dynamics (NAMD) simulations to investigate the deformation of a model protein during translocation through a silicon nitride nanopore in an aqueous solution under varying e-fields. We simulated the experimental conditions and performed quantitative analysis of the variations in thrombin protein's 3D structure. No mechanical force was applied on the protein to ensure the sole contribution of e-field on the deformation. The conformational changes of thrombin's structure were quantified in terms of root mean square deviation (RMSD) and radial distribution function. It was observed that large voltages resulted in deformations in protein structure. The protein molecule got stretched under the influence of high e-field as it traveled through nanopore. The interaction mechanism between nanopore and protein is crucial to understand the detection dynamics. The results can guide better design of experiments with proteins confined in a nanopore.
I. INTRODUCTION
graphene [21] [22] [23] [24] have also been used to make nanopores. Several studies have been conducted on protein translocation through solid-state nanopores including protein transport [25] , protein identification [13, 26] , unfolding and stretching of proteins [27] , protein trapping [14] , high voltage transport of protein [25] , and localization of proteins in a DNA [28] . In some cases, the inner wall of the nanopore is engineered with other biomaterials to mimic the biological ion channels [29] . Lipid coated nanopore has been used to tailor protein translocation [30] , aptamer coating on nanopore wall has been used for increased selectivity [31] , chemical modification and metallization have been done for stochastic sensing of proteins [26] . The structural integrity of proteins is a common concern during the nanopore-based detection process [15] . The stress caused by channel constriction during translocation or applied e-field may deform the 3D shape of protein. Recent studies have shown that the biophysical properties of a protein are manipulated by variations in solvent conditions or pH in a nano-confined environment [15, 32] . In addition, thermal/chemical changes, and Over the past decade, nanopore technology has advanced substantially due to its capability for single molecule detection and characterization [1] [2] [3] [4] [5] . Nanopore devices have been used for label free detection of DNA [6] , RNA [7, 8] , and also for rapid nucleic acid sequence detection [9] [10] [11] . It is also an attractive choice for sensitive and accurate detection of proteins and protein-complexes [1, 12, 13] . Here, we explore the structural deformations of a protein translocating through a nanopore.
Most of the early nanopore studies were done with biological nanopores like alpha-hemolysin or Mycobacterium smegmatis porin A (MspA) [9, 14] .
Solid-state nanopores emerged as an alternative choice and became more popular for their robustness, easy fabrication, high throughput, low cost, and scalability [5] . In the past decade, synthetic nanopores have been widely used for single molecule detection [2, [15] [16] [17] [17] , and e-field can influence interactions between the protein and pore which can trigger protein denaturation inside a nanopore [33] . Thus, a comprehensive understanding of the conformational changes is important because of the nature of detection using ionic current measurement. Study of the deformation can be a stepping stone for a comprehensive understanding of the orientation and interactions of the constituting amino acids of the protein. Computational analysis and simulation tools provide advantages in such cases because these explore atomic level interactions which are rather difficult to grasp from experimental situations [34] . Several theoretical and computational analyses such as coarse grained dynamic simulations [35] , time distribution models [19] , molecular dynamics [36, 37] , and stochastic models [38] have been designed to study the translocation behavior and dynamics of protein molecule inside a nanopore [39] . Similar studies on deformation mechanism for DNA have been presented already [40] [41] [42] [43] . In our prior work, we have shown the deformability of DNA structure under electric bias [44] .
In this paper, we present the deformation of a protein inside a nanopore under the influence of applied bias. This is valuable for protein detection experiments with nanopores as the function of a protein depends on the integrity of its conformal structure [45] . We have used Nanoscale Molecular Dynamics (NAMD v2.9) to simulate the translocation of protein through a Si 3 N 4 pore and observed the deformations of protein structure [46] . Thrombin was used as a model protein.
The 3D structural deformation of the protein was measured using Visual Molecular Dynamics (VMD v1.9.2) while varying e-fields were applied across the pore [47] . Thrombin is the protein responsible for thrombosis. Thrombin plays a vital role in cancer metastasis as well [48] . No mechanical force was used on the protein to ensure that only the influence of applied bias on the deformation was monitored. We simulated the system for 20 ns of translocation of protein using a multicore computing facility at Texas Advanced Computing Center (TACC) and analyzed the structural changes for applied voltages. Root mean square deviation (RMSD) and radial distribution function (RDF) were measured from VMD and used to quantify the deviation of protein structure from its initial structure. The protein deformed gradually with the increase in e-field and although the overall size of the protein did not significantly change at smaller voltages, the shape got stretched due to the presence of e-field. The MD simulations provided insights that can be used to optimize experiments that investigate protein translocation through nanopores.
The basic principal of molecular translocation through a nanopore is very straight forward. A schematic is shown in Fig. 1 . The experimental setup includes two chambers separated by a solid state nanopore. Typically the nanopore is drilled by high energy electron beam of transmission electron microscope (TEM) or by using focused ion beam (FIB) [16] . Although the ion beam has higher energy compared to electron-beam to drill a pore in a thicker membrane, a TEM offers better control and precision over the pore diameter because the size of the electron beam is much smaller than that of the ion beam used in FIB. In a nanopore measurement setup, chip with nanopore is sandwiched between two chambers. The chambers are filled with buffer solution and electrodes are placed in the chambers to create an e-field high enough to force the target molecules to pass from one chamber to the other through the nano-aperture. The ionic current is measured with patch-clamp measurement system. When a molecule travels through the nanopore, a drop in the ionic current is registered. This current profile gives insights on the properties of the molecule. The magnitude and duration of the current blockade are proportional to the size and the transition time of the passing analyte through the pore. In some cases, the pore is smaller than the molecule to measure the mechanophysical properties of the translocating molecule. Fig. 1 shows a cross section of a Si 3 N 4 nanopore and a protein crossing the pore due to applied bias.
II. MATERIALS AND METHODS
Simulation Details. We used NAMD v2.9 to simulate the experiment [46] . VMD v1.9.2 was used for visualization and data analysis of the simulated results [47] . The protocol for MD model is similar to the one reported by Aksimentiev et al. [49] . CHARMM22 model was used for the force field calculations [50, 51] . All simulations were performed on computer clusters that had 6400 nodes each configured with two Xeon E5-2680 processors and one Intel Xeon Phi SE10P Coprocessor (on a PCIe card). Each node was configured with 32GB of 'host' memory with an additional 8GB of memory on the Xeon Phi coprocessor card, at Texas Advanced Computing Center (TACC) using 240 cores in parallel.
The structure of thrombin was obtained from the Research Collaboratory for Structural Bioinformatics (RCSB). The protein data bank (PDB) file, 1HAP, contained the x-ray resolved configuration of a thrombin-oligomer complex [52] . VMD was used to extract the structure of human alpha thrombin. The protein had two major chains, chain-L and chain-H with 36 and 259 amino acids, respectively. The nanopore diameter was selected to be slightly larger than the protein size to negate the effects of protein deformation due to nanopore constriction. The pore was placed in the z-direction and the protein was electrophoretically driven through the nanopore.
Model Construction. The simulation consisted of a 6 nm thick block of Si 3 N 4 containing a 6 nm diameter nanopore at the center. First, a crystalline structure of Si 3 N 4 unit cell was created. Then the unit cell was replicated and assembled in order to form a 10 nm x 10 nm x 6 nm Si 3 N 4 membrane. Since the longest dimension of thrombin is 4.7 nm in its native state, a 6 nm diameter nanopore was created at the center of the membrane. The membrane was given a hexagonal shape to reduce the total number of atoms, ensuring better simulation speed. The atom count for the complete nanopore model was 11,016. The pore was solvated with 1M KCl solution. Salt concentration was chosen close to standard experimental conditions [53] . Since no mechanical force was applied, the protein was electrophoretically driven through the nanopore.
Each simulation was executed in three steps. First, the total system energy was minimized by conjugate gradient method to ensure a stable system. Energy minimization involved finding the minimum energy landscape where the molecule was relaxed. This was achieved by systematically varying the positions of atoms and calculating the energy in an iterative manner. Then the temperature of the system was raised to 295 K gradually at constant volume (i.e. in NVT ensemble) followed by an equilibration at constant pressure and temperature (i.e. NPT ensemble). Finally, an electric potential was applied across the nanopore along the z-axis at constant volume. The simulation was performed for 20 ns at 1 fs steps. The applied e-field was varied from 0 to 1 kCal/(mol.Å.e) for each system using equation (1) [49] . The trajectory frames were recorded every 800 fs in 20 ns duration.
Here, U is the potential difference and l z is the size of the whole system along the z-axis. The NAMD unit for e-field is kCal/(mol.Å.e), where 23.0605492 is the conversion factor for U (volts) and l z (angstroms).
Force-field Calculations. The interatomic and intermolecular force fields were estimated with CHARMM22 and CHARMM27 models because these are noteworthy for protein and DNA systems, respectively. The CHARMM22 model used a potential energy function U(R), as defined by equation (2) [50].
(2)
are the force constants associated with bonds, Urey-Bradley, angles, dihedrals, and improper dihedral angles, respectively. 
The variables b, S
, θ , χ , ϕ , n , and δ represent the bond length, Urey-Bradley-distance, bond angle, dihedral angle, improper torsion angle, phase shift, and multiplicity or periodicity of the dihedral angle, respectively. The last two terms of the equation describe the van der Waals energy calculated with Lennard-Jones potential and the electrostatic energy assessed from Coulombic potential. Here ∈ and
III. RESULTS AND DISCUSSION
The thrombin molecule was placed inside the nanopore and the change in its structure was observed for increasing electric potentials applied across the nanopore. The e-field was set to 0.0, 0.05, 0.10 and 1.0 kCal/(mol.Å.e) along the z-axis. The deformation was quantified by the RMSD of protein backbone from its initial conformation having the two structures in best alignment with each other. The formula for RMSD calculation is:
where Nα is the number of atoms whose positions are being compared. t N is the number of time steps over which the positions are compared, ( ) j r t α is the position of atom α at time j t and rα 〈 〉 is the average value of the position of atom α . VMD was used to calculate the RMSD of the protein structure for each frame at every 0.8 ps interval for the total time span of 20 ns. Fig. 2 shows the RMSD of thrombin's shape at increasing e-field. The deformation in thrombin's structure was insignificant for low e-fields such as 0.05 and 0.1 kCal/(mol.Å.e). At these voltages, the force fields were not strong enough to deform the protein's structure. Proteins are made of amino acids. The net charge of a protein depends on its isoelectric point (pI) and pH. In the presence of an e-field, the amino acids tend to reorder due to electrostatic forces to attain the lowest possible energy state. This resulted 
in a slightly deformed structure of the molecule. Higher voltage would result in larger electrostatic force and cause more deformation. The results showed that an e-field as high as 1 kCal/(mol.Å.e) deformed the protein by approximately 16% from its initial structure within the first 20 ns. The trend of the deformation suggested that more deformation would occur for a longer exposure to this e-field. However, a high voltage in a nanopore experiment would reduce the protein translocation time to facilitate a high-throughput analysis but at the cost of further deformation in protein structure. In typical nanopore experiments, protein molecules move through the nanopores due to their charge which in turn is defined by their pI and the pH of the solution in the presence of an e-field [54] . The pI of human thrombin is 7.0-7.6 [55] . Since the pH of the solution was ~7.0, the thrombin was slightly positively charged. As a result, it travelled towards the negative potential. A complete protein translocation event is approximately a few hundred microseconds to milliseconds [12, 13] . The simulations performed here were done for 20 ns. Although it was very short compared to typical experiments, it was possible to precisely monitor the movement even within 20 ns because of the detailed information captured. The center of mass (COM) of the molecule was calculated and the movement of the COM was tracked over time. The projections of the overall movement along the three axes (x, y and z) were then calculated. The correlation between the protein's overall movement and the projection in a particular axis was calculated to find the direction of movement. The maximum correlation coefficient (0.963 ± 0.025) was observed for the z-axis component for all three bias situations. This validated that the overall movement was along the z-axis which was the same direction for the applied e-field. The same was observed from the trajectory of the molecule in VMD.
The radial distribution function, ( ) g r , of thrombin's structure was also calculated to observe the distribution of the atoms of the protein and the effects of the external e-field on the distribution. In statistical mechanics, radial distribution function of a system describes the variations in the density of particles as a function of distance from a reference point. It is a useful tool that is utilized in molecular dynamics to describe the structure of a system. It measures the probability of finding a neighbouring atom with respect to distance from another one. The ( ) g r of thrombin's 3D structure was computed by calculating the interatomic distance of every particle pair and by binning them in a histogram. The histogram was then normalized by the volume of a spherical shell with thickness, δr. This was achieved by multiplying the density function with the volume of a spherical shell at distance r , as shown in equation 4.
(4)
The radial distribution analysis of the thrombin's structure at varying e-fields is shown in Figs. 3(a) and 3(b) . The horizontal axis is the distance around an atom, while the vertical axis in Fig. 3(a) represents the number of atom-pairs present at a distance given on the x-axis. The position of the peak represents the most common distance between two atoms. At higher e-field, there is a right shift of the curve. That means the most probable distance between any two atoms increased approximately from 2.2 nm to ~2.6 nm due to the large e-field. Hence the atoms in the protein went apart from each other. The expansion of the curve along horizontal axis suggests that the protein got stretched under a higher e-field. 3(b) is the normalized version of 3(a) . The vertical axis here shows the number of neighboring atoms present in an imaginary sphere of that distance. The position of the prominent peak over here is around 1 Å, which refers to the radius of the imaginary sphere around an atom to have the highest atom density. There is no significant shift in the position of this peak. However the height of the dominant peak increased by approximately 20% from its initial position at the high e-fields. It means that at the very vicinity of an atom the neighboring atoms were more tightly packed in the presence of the higher e-field. This was again a result of stretched deformation.
To measure the effect of protein deformation on the ionic current profile, the average ionic current was measured through the pore. Ideally proteins are suspended in an ionic solution in the nanopore experiments. When there is no protein inside the nanopore, the setup only measures the ionic current from the movements of K + and Cl -ions. This is registered as the baseline current. During translocation, the protein molecule block a certain amount of KCl ions through the cylindrical pore. This current blockage depends on the size and charge of the translocating molecule and also the charge of the K + and Cl -atoms. The ionic current profiles for four e-fields (ranging from 0 to 1 kCal/(mol.Å.e)) were recorded. Since the state of the MD system was recorded after every 800 fs, the current profile was recorded from the change in total electric charge between two consecutive time-frames. These calculations were done for the entire 20 ns time span. Equation 5 represents the current calculation, where, i z and i q are z-coordinate and charge of ion i , respectively, and t ∆ is the simulation step [56] . The size of the whole system is defined by l z along the z-axis as defined in Equation (1). The current-voltage (I-V) profile of the system was calculated to understand the equivalent resistance introduced by the protein (Fig. 4) . At higher e-field, more ions passed through the nanopore resulting in an increase in the current. It is visible from the plot that the nanopore current increased linearly as the applied voltage increased. The linear I-V profile suggests that the protein, while inside the nanopore, offered a constant resistance even when it was slightly deformed due to the e-field. Fig. 2 (RMSD) and Fig. 3 (a) (atom-pairs distribution) plots suggest that the protein showed deformation in the shape with more atomic packing. This led to an overall enlargement of the protein at a higher e-field. The protein went through stretching associated with the forces in the nanopore in response to high voltage. Since the force was exerted in the direction of travel, the structure got stretched in the same direction. This did not significantly affect the overall blocking of the pore and hence was not visible through the ionic current profile. This phenomenon may not be very crucial for nanopore experiments with DNA or polymer chains but should be considered for studying size sensitive biomolecules such as proteins.
IV. CONCLUSIONS
We have investigated a computational model for sensing protein translocations through nanopores. Using this model, we have studied the interatomic interactions and translocation of thrombin through a Si 3 N 4 nanopore. The conformal structure of the protein that yields its particular functional form and also the alterations in protein structure are important to understand. A comprehensive analysis has been presented to quantify the behavior of a model protein inside a solid-state nanopore under external e-field. The protein underwent gradual deformation at high applied voltage. The structural deformability, atomic displacement, and ionic current for thrombin passing through a nanopore were quantified. The presented framework allows a closer inspection on the underlying processes of a nanopore experiment. This knowledge can be translated into design rules for protein measurement experiments with solidstate nanopores.
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